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1 abstrat
We have experimentally studied the magneti shielding properties of a ylindri-
al shell of BiPbSrCaCuO subjeted to low frequeny AC axial magneti elds.
The magneti response has been investigated as a funtion of the dimensions of
the tube, the magnitude of the applied eld, and the frequeny. These results
are explained quantitatively by employing the method of E. H. Brandt (Brandt
E H 1998 Phys. Rev. B 58 6506) with a Jc(B) law appropriate for a poly-
rystalline material. Speially, we observe that the applied eld an sweep
into the entral region either through the thikness of the shield or through the
opening ends, the latter mehanism being suppressed for long tubes. For the
rst time, we systematially detail the spatial variation of the shielding fator
(the ratio of the applied eld over the internal magneti eld) along the axis
of a high-temperature superonduting tube. The shielding fator is shown to
be onstant in a region around the entre of the tube, and to derease as an
exponential in the viinity of the ends. This spatial dependene omes from
the ompetition between two mehanisms of eld penetration. The frequeny
dependene of the shielding fator is also disussed and shown to follow a power
law arising from the nite reep exponent n.
2 Introdution
Eletromagneti shielding has two main purposes. The rst one is to prevent an
eletroni devie from radiating eletromagneti energy, in order to omply with
radiation regulations, to protet neighbouring equipments from eletromagneti
noise, or, in ertain military appliations, to redue the eletromagneti signa-
ture of the devie. The seond purpose of shielding is to protet sensitive sensors
from radiation emitted in their surroundings, in order to take advantage of their
full apabilities.
As long as the frequeny of the soure eld remains large, typially f >
1 kHz, onduting materials an be used to attenuate the eld with the skin
eet. For the lowest frequenies, however, ondutors ontinue to at as good
eletri shields (and an be used to make a Faraday age), but they fail to shield
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magneti elds. The traditional approah to shield low frequeny magneti elds
onsists in using soft ferromagneti materials with a high relative permeability,
whih divert the soure eld from the region to protet [1℄. As the magneti
permeability dereases with inreasing frequeny, this approah is only pratial
for low frequenies (typially f < 1 kHz). If low temperatures are allowed
by the appliation (77 K for ooling with liquid nitrogen), shielding systems
based on high-temperature superondutors (HTS) ompete with the traditional
solutions [2℄. Below their ritial temperature, Tc, HTS are strongly diamagneti
and expel a magneti ux from their bulk. They an be used to onstrut
enlosures that at as very eetive magneti shields over a broad frequeny
range [2℄.
Several fators determine the quality of a HTS magneti shield. First, a
threshold indution, Blim, haraterizes the maximum applied indution that
an be strongly attenuated. In the ase of a shield that is initially not magnetized
and is subjeted to an inreasing applied eld, the internal eld remains lose to
zero until the applied indution rises above Blim. The eld then penetrates the
inner region of the shield and the indution inreases with the applied eld [3,
4, 5, 6, 7, 8℄. A seond important fator is the geometrial volume over whih
a shield of given size and shape an attenuate an external eld below a given
level. A third determining fator is the frequeny response of the shield.
In this paper, we fous on the shielding properties of a erami tube in
the parallel geometry, whih means that the soure eld is applied parallel to
the tube axis. This geometry is amenable to diret physial interpretation and
numerial simulations, as urrents ow along onentri irles perpendiular to
the axis. Note that a HTS tube ertainly outperforms a ferromagneti shield
in the parallel geometry [9℄. For a ferromagneti tube with an innite length,
the shield does not attenuate the external magneti eld sine its longitudinal
omponent must be ontinuous aross the air-ferromagnet interfae. For nite
lengths, the magneti ux is aught in the material beause of demagnetization
eets but the shielding eieny remains poor for long tubes.
A number of results an be found in the literature on HTS tubes in the paral-
lel geometry. For HTS polyrystalline materials, Blim was found to vary between
0.3 mT for a tube with a superonduting wall of thikness d = 40 µm [10, 11℄,
and 15 mT for d = 2.2 mm [8℄ at 77 K. If lower temperatures are allowed
than 77 K, higher Blim values an be obtained with other ompounds. As an
example, MgB2 tubes were reported to shield magneti indutions up to 1 T
at 4.2 K [12, 13℄. Results on the variation of the eld attenuation along the
axis appear to be ontraditory. An exponential dependene was measured for
a YBCO tube [14℄ and for a BSCCO tube [15℄. Other measurements [7, 16℄
in similar onditions have shown instead a onstant shielding fator in a region
around the entre of YBCO and BSCCO tubes. As for the frequeny response,
the shielding fator is expeted to be onstant if ux reep eets are negligi-
ble, as is the ase in Bean's model [17, 18℄. It is on the other hand expeted
to inrease with frequeny in the presene of ux reep, sine the indued ur-
rents saturate to values that inrease with frequeny [19℄. Experimental data
have shown very diverse behaviours. In [15℄, the eld attenuation due to a thik
BSCCO lm on a ylindrial silver substrate was found to be frequeny indepen-
dent. The same results were established for superonduting disks made from
YBCO powder and subjeted to perpendiular elds [20, 21℄. Yet other studies
on bulk BSCCO tubes [3, 22℄ measured a eld attenuation that dereases with
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Table 1: Physial harateristis of the sample: the material omposition and
the ritial temperature ome from [24℄
Material Bi1.8Pb0.26Sr2Ca2Cu3O10+x
Length ℓ = 8 cm
Inner radius a1 = 6.5 mm
Outer radius a2 = 8 mm
Wall thikness d = 1.5 mm
Critial temperature Tc ∼= 108 K
frequeny, whereas the attenuation was shown to slowly inrease with frequeny
for a YBCO superonduting tube [23℄.
The purpose of this paper is to provide a detailed study of the magneti
shielding properties of a polyrystalline HTS tube, with regard to the three
determining fators: threshold indution, spatial variation of the eld attenua-
tion, and frequeny response. The study is arried both experimentally and by
means of numerial simulations, in order to shed light on the relation between
the mirosopi mehanisms of ux penetration and the marosopi proper-
ties. For the numerial simulations, we have followed the method proposed
by E. H. Brandt in [19℄, whih an be arried easily with good preision on a
personal omputer. We fous on a HTS tube with one opening at eah end
and assume that the superonduting properties are uniform along the axis and
isotropi.
The report is organized as follows. The sample and the experimental setup
are desribed in setion 3. In setion 4, we disuss the onstitutive laws that are
appropriate for a polygrain HTS, set up the main equations and the numerial
model. Setion 5 is devoted to the shielding properties of superonduting tubes
subjeted to slowly time varying applied elds (alled the DC mode). First, the
evolution of the measured internal magneti indution of a ommerial sample
versus the applied indution is presented. We then detail the eld penetration
into a HTS tube and study the eld attenuation as a funtion of position along
the tube axis. The frequeny response of the shield is addressed in setion
6, where it is shown that the variations with frequeny an be explained by
saling laws provided heat dissipation an be negleted. Our main results are
summarized in setion 7, where we also draw onlusions of pratial interest.
3 Experimental
Wemeasured the shielding properties of a ommerial superonduting speimen
(type CST-12/80 from CAN Superondutors), whih was ooled at T = 77 K
under zero-eld. The sample is a tube made by isostati pressing of a polygrain
erami. Its main harateristis are summarized in table 1.
The experimental setup is shown in gure 1. The sample is immersed in
liquid nitrogen and plaed inside a soure oil generating an axial magneti
indution Ba = Ba zˆ. The applied indution, Ba, an be generated in two
dierent modes. In the rst mode, alled the DC mode, Ba inreases at a
onstant rate of B˙a ∼= 0.2 mT/s with a brief stop (around 1 seond) needed
to measure the internal indution at eah wanted value of Ba. The maximum
applied indution in this mode is 30 mT. The indution in the inside of the
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shield, Bin, is measured with a Hall probe plaed in the entre of the tube; the
probe is onneted to a HP34420 nanovoltmetre. To redue noise from outside
soures, the setup is enlosed in a double mu-metal ferromagneti shield. The
eld resolution is around 1 µT. In the seond mode of operation, alled the
AC mode, the applied eld is a low-frequeny alternating eld with no DC
omponent. The frequeny of the applied indution ranges between 43 Hz and
403 Hz and the amplitude of Ba an reah 25 mT. The eld inside the tube is
measured by a pik-up oil, whih an be moved along the z−axis and whose
indued voltage is measured with an EGG7260 lok-in amplier. In this mode,
the setup an measure magneti indutions as weak as 1 nT at 103 Hz. As
a result, are must be taken to rejet ommon-mode eletrial noise. In the
present work, the apaitive oupling between the soure and the pik-up oils
was redued by eletrially onneting the superonduting tube to ground so
as to realize an eletrial shield.
z
x
y
HTS
tube
source
coil
magnetic
sensor
a1
a2
?
Ba
Figure 1: Experimental setup. The superonduting tube of length ℓ and wall
tikness d = a2 − a1 is plaed inside a oil generating an axial indution of
magnitude Ba. The applied eld an have the form of a slow ramp, in whih
ase the magneti sensor is a Hall probe onneted to a nanovoltmetre, or a
that of a low-frequeny alternating eld, in whih ase the eld inside the tube
is measured by a pik-up oil onneted to a lok-in amplier. In all ases,
the sample and the sensor are ooled with liquid nitrogen (T = 77 K) under
zero-eld ondition.
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4 Theory
4.1 Flux penetration in polyrystalline bulk eramis
Bulk polyrystalline BiSrCaCuO eramis onsist of a stak of a large num-
ber of superonduting grains [25℄. The penetration of a magneti ux in suh
a material is inhomogeneous and strongly depends on the mirostruture, as
shielding urrents an ow both in the grains and the intergranular matrix [26℄.
For a polygrain material that has been ooled in zero-eld ondition, the ux
penetrates in roughly three dierent steps [27℄. First, for the weakest applied
elds, Meissner surfae urrents shield the volume and no ux enters the sam-
ple. When the loal indution, B, exeeds µ0Hc1j, where Hc1j is the lower
ritial eld of the intergranular matrix, vorties start entering this region. The
magneti ux penetrates the grains at the higher indution B ∼ µ0Hc1g [28℄,
where Hc1g is the lower ritial eld of the grains themselves.
4.2 Model assumptions
In our model, we neglet surfae barrier eets and set Hc1j to zero. Therefore,
ux starts threading the intergranular matrix as soon as the applied eld is
turned on. The penetration of individual grains depends on the intensity of
the loal magneti eld, whih, beause of demagnetization eets, varies as a
funtion of the grain sizes and orientations. The penetration of eah grain may
thus take plae over a range of applied elds: we expet an inreasing number
of grains to be penetrated as the external eld is inreased. Sine we aim at
studying the marosopi properties of the superonduting tube and aim at
deriving reommandations of pratial interest, we will not seek to desribe
grains individually and thus neglet detailed eets of their diamagnetism. We
will instead onsider the indution B to be an average of the magneti ux
over many grains and assume the onstitutive law B = µ0 H. The resulting
model desribes the magneti properties of an isotropi material whih supports
marosopi shielding urrents.
We will further assume the material to obey the onventional [19, 29℄ on-
stitutive law
E(J) = Ec
(
J
Jc
)n
J
J
, (1)
where J is the module of the vetor urrent density J. The exponent n allows
for ux reep and typially ranges from 10 to 40 for YBCO and BSCCO om-
pounds at 77 K. The value for n that is adequate for the sample of table 1
is to be determined from the frequeny dependene of its shielding properties,
see setion 6.3. Note that one reovers Bean's model, whih neglets ux reep
eets, by taking the limit n → ∞. A nal onstitutive law omes from the
polygrain nature of the material. The ritial urrent density is assumed to
derease with the loal indution as in Kim's model [30℄:
Jc(B) =
Jc0
1 +B/B1
, (2)
where Jc0 and B1 are experimentally determined by tting magnetization data,
as disussed in setion 5.2.
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4.3 Model equations and numerial algorithm
A ommon diulty in modelling the ux penetration in HTS materials arises
from the fat that the diretion of the shielding urrents is usually not known
a priori and, furthermore, may evolve over time as the ux front moves into
the sample. This problem is greatly simplied for geometries in whih the
diretion of the shielding urrents is imposed by symmetry. Examples inlude
long bars in a perpendiular applied eld [29℄, in whih ase the urrents ow
along the bar, and axial symmetri speimens subjeted to an axial eld, for
whih the urrents ow along onentri irles perpendiular to the symmetry
axis. Numerous examples have been extensively studied by E. H. Brandt [31℄ for
both geometries, by means of a numerial method based on the disretization
of Biot-Savart integral equations. In this work, we follow Brandt's method for
modelling the ux penetration in a tube subjeted to an axial eld.
To set up the main equations, we losely follow [19℄. As a reminder, the
sample is a tube of internal radius a1, external radius a2, and length ℓ (see
gure 1). We work with ylindrial oordinates, so that positions are denoted
by (r, ϕ, z). As the magnitude of the axial indution, Ba, is inreased, the
indued eletri eld and the resulting urrent density assume the form
J = −J(r, z) ϕˆ, E = −E(r, z) ϕˆ, (3)
where ϕˆ is the unit vetor in the azimuthal diretion. The magneti indution
is invariant under a rotation around the z-axis and has no ϕ-omponent. Thus,
B(r, z) = Br(r, z) rˆ +Bz(r, z) zˆ. (4)
The elds B, E, and the urrent density, J, satisfy Maxwell's equations
∇×E = −∂B
∂t
, (5)
∇×B = µ0 J, (6)
where we have used the onstitutive law B = µ0H.
In order to avoid an expliit and ostly omputation of the magneti indu-
tion B(r, t) in the innite region exterior to the tube, an equation of motion is
rst established for the marosopi shielding urrent density J(r, t), sine its
support is limited to the volume of the superondutor. The magneti eld is
then obtained where required by integrating the Biot-Savart law. After hav-
ing eliminated B and integrated over ϕ, this proedure leads to the integral
equation [19℄
E(r) = −µ0
∫ a2
a1
∫ ℓ/2
0
Q(r, r′)J˙(r′)dr′dz′ +
r
2
B˙a, (7)
where r and r
′
are shorthands for (r, z) and (r′, z′), while Q(r, r′) is a kernel
whih only depends on the sample geometry. In the present ase, Q assumes
the form
Q(r, r′) = f(r, r′, z − z′) + f(r, r′, z + z′), (8)
where
f(r, r′, η) =
∫ π
0
r′ cosϕ
2π
√
η2 + r2 + r′2 − 2rr′ cosϕ dϕ, (9)
6
is to be evaluated numerially as suggested in [19℄. By ontrast to [19℄, the
kernel is integrated in the radial diretion from r
′
= a1 to r
′
= a2, as ditated
by the tubular geometry of the sample.
The equation of motion for J is obtained in three steps. First, the ele-
tri eld is eliminated from (7) by using the onstitutive law (1). Seond, the
equation is disretized on a two-dimensional grid with spatial steps ∆r and ∆z.
Third, the resulting matrix equation is inverted, yielding the relation
J˙i(t) =
1
µ0∆r∆z
∑
j
Q−1ij
{rj
2
B˙a − E [Jj(t)]
}
. (10)
Here, Ji and Qij are shorthands for J(ri) and Q(ri, rj). Atually, the two-
dimensional spae matrix is transformed into a one-dimensional vetor. Impos-
ing the initial ondition
Ji(t = 0) = 0 ∀i, (11)
the urrent density an be numerially integrated over time by updating the
relation
Ji(t+∆t) ∼= Ji(t) + J˙i(t)∆t, (12)
where J˙i is evaluated as in (10) and ∆t is hosen suitably small. An adaptative
time step proedure desribed in [19℄ makes the algorithm onverge towards a
solution that reprodues the experimental data fairly well, see setions 5 and
6. Note that for those geometries that have one dimension muh larger than
the others, as is the ase for a long tube with a thin wall, one an improve the
onvergene while preserving the preision by working with retangular ells
with the renement desribed in [32℄.
Aording to the two dierent modes of operation of the external soure
that were introdued in setion 3, we have run the algorithm with Ba(t) either
in the form of a ramp, Ba(t) = B˙a t, or as a sinusoidal soure of frequeny f ,
Ba(t) = Bo sin(2πft). The shielding properties of the sample are evaluated in
both ases by probing the magneti ux density at points loated along the
z-axis of the tube. By symmetry, this eld is direted along zˆ, and we dene
Bzin(z) as
B(r = 0, z) = Bzin(z) zˆ. (13)
For the DC mode, with Ba = B˙a t, we dene the DC shielding fator as
DCSF (z) =
Ba
Bzin(z)
. (14)
However, in the AC mode, with Ba(t) = Bo sin(2πft) , one must pay attention
to the non-linearity of the magneti response of the sample. The indution Bzin
ontains several harmonis, all odd in the absene of a DC omponent [33℄. We
are led to dene the AC shielding fator as
ACSF (z) =
Ba,RMS
Bzin,RMS(z)
, (15)
where Ba,RMS = Bo/
√
2 is the RMS value of the applied magneti indution
and Bzin,RMS(z) is the RMS value of the fundamental omponent of Bzin, whih
an be diretly measured by the lok-in amplier.
The algorithm presented in this setion allows us the determine DCSF up
to 107 in the DC mode and ACSF up to 104 in the AC mode.
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5 Magneti shielding in the DC mode
5.1 Experimental results
−30 −20 −10 0 10 20 30−30
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Figure 2: Evolution of the internal magneti indution at the entre of the
tube, Bzin(z = 0), as a funtion of the applied indution. The sample (table 1) is
ooled in zero-eld onditions down to T = 77 K. The open irles represent the
experimental data and the lled squares represent the simulation, as disussed
in subsetion 5.2.
Figure 2, open irles, shows the evolution of the magneti indution mea-
sured at the entre of the tube, Bin ≡ Bzin(z = 0), as a funtion of the ap-
plied magneti indution. Here, the external soure was operated in the DC
mode. The sample desribed in setion 3 was ooled down to 77 K in zero-eld
onditions. Then, we applied an inreasing magneti indution and reahed
Ba = 28 mT. Upon dereasing the applied indution to Ba = −28 mT and
inreasing it again up to Ba = 28 mT, the internal indution is seen to fol-
low an hystereti urve. This behaviour reets the dissipation that ours as
vorties sweep in and out of the superondutor. Remarkably, along the rst
magnetization urve, Bin is negligible below a threshold Blim ≈ 14 mT and
inreases rapidly for higher Ba. As the tube is no longer an eient magneti
shield in this latter regime, several authors regarded Blim as a parameter deter-
mining the quality of the shield [4, 7, 8℄. In this paper, we determine Blim as
the maximum applied magneti indution for whih the DCSF is higher than
1000 (60 dB). In gure 2, Blim roughly orresponds to the indution at whih
the rst magnetization urve meets the hystereti yle.
5.2 Model parameters and numerial results
The shape of the urve of gure 2 is indiative of the dependene of the ritial
urrent density, Jc, on the loal indution. Assuming Kim's model (2), the
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parameters Jc0 and B1 an be extrated from data as follows. First, we neglet
ux reep eets and set n→∞. As a result, the urrent density an either be
null or be equal to J = Jc(B). Seond, we neglet demagnetization eets and
thus assume that the tube is innitely long. Equation (6) then beomes
∂B
∂r
= µ0
Jc0
1 +B/B1
. (16)
A diret integration yields a homogeneous eld in the hollow of the tube that
assumes the form
Bin =
{
0 for Ba < Blim,∞,
−B1 +
√
(B1 +Ba)
2 − 2dµ0Jc0B1 for Ba > Blim,∞,
(17)
where Blim,∞, dened as
Blim,∞ = −B1 +
√
B21 + 2dµ0Jc0B1 , (18)
is the threshold indution assuming an innite tube with no reep. Fitting
equation (17) to experimental data in the region Ba > 14 mT, we nd B1 =
5 mT and Jc0 = 1782 A/cm
2
.
In pratie, ux reep eets are present and the exponent n assumes a
high, but nite, value. In our ase, as to be determined in the setion 6.3,
we found n ≈ 25. The lled squares of gure 2 show the simulated values
of the internal indution versus the applied indution, Ba, for a tube with
the dimensions of the sample and a ux reep exponent n = 25. The Jc(B)
relation (2) was introdued in the equations of setion 4.3 with B1 = 5 mT and
Jc0 = 1782 A/cm
2
. These numerial results reprodue the data fairly well. As
in the experiment, a simulated value of Blim an be obtained as the maximum
applied indution for whih the DCSF is higher than 60 dB. We also obtain
Blim ≈ 14 mT. We note that even in the presene of ux reep with n = 25,
the simulated Blim has the same value as the one given in Kim's model, (18).
5.3 Modelling of the eld penetration into a HTS tube
In this setion, we ompare the penetration of the magneti ux in a tube and
in a bulk ylinder through a numerial analysis. This omparison reveals the
oexistene of dierent penetration mehanisms in the tube. An understanding
of these mehanisms is neessary to predit the eieny of a HTS magneti
shield.
We use the numerial model introdued in setion 4, with a ux reep expo-
nent n = 25. In order to failitate omparisons with results from the literature,
we hoose the ritial urrent density, Jc, to be independent of the loal magneti
indution. We further wish to normalize the applied eld to the full penetration
eld, HP , that, in the limit n → ∞, orresponds to the eld for whih the
sample is fully penetrated and a urrent density Jc ows throughout the entire
volume of the superondutor.
For a bulk ylinder of radius a2 and length ℓ, HP assumes the form [27℄:
HP =
Jcℓ
2
ln
(
2a2
ℓ
+
√
1 +
4a22
ℓ2
)
. (19)
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In the limit ℓ→∞, one reovers the Bean limit HP∞ = Jca2. An approximate
expression of HP for a tube an be obtained with the energy minimization
approah developed in [34℄:
HP = Jc
ℓ
2
1− δ
1 + δ
ln

2a2(1 + δ)
ℓ
+
(
1 +
(
2a2(1 + δ)
ℓ
)2)1/2 , (20)
with δ = a1/a2. An interesting observation is that (20) an be rewritten as:
HP = Jcd
ℓ
4a¯
ln

4a¯
ℓ
+
(
1 +
(
4a¯
ℓ
)2)1/2
(21)
where a¯ = (a1 + a2)/2 is the mean radius. This shows that the orretion to
the eld HP of an innite tube, HP∞ = Jc(a2−a1) = Jcd, depends only on the
ratio ℓ/a¯. Physially, this ratio is a measure of the importane of end eets.
Consider then the ylinder and the tube of gure 3, both of external radius
a2 and length ℓ = 6a2. The inner radius of the tube is a1 = 0.5a2. Both samples
are subjeted to an inreasing axial magneti indution, with B˙a(t) = Ec/a2
and Ba(0) = 0.
r
z
a2
?/2
a2 r
z
?/2
a1Ba
Figure 3: Cylinder and tube of external radius a2, and length ℓ = 6 a2 subjeted
to an axial magneti indution Ba = Bazˆ. Only the region 0 ≤ r ≤ a2 and
0 ≤ z ≤ ℓ/2 is depited for symmetry reasons.
Figure 4 shows a omparison of the simulated ux front for the ylinder (a)
and for the tube (b) as a funtion of the applied magneti indution. Here,
the ux front orresponds to the lous of positions at whih the urrent density
rises to Jc/2. To label the front as a funtion of the applied indution, we
have taken as a referene magneti eld the full penetration eld, HP , whose
expression is given in (19) and (20), both for the bulk ylinder and for the
tube. The ux front is depited for dierent external magneti indutions with
Ba/(µ0HP ) = 0.1, 0.3, 0.5, and 0.7. We note that the front shapes are similar to
those obtained by Navau et al. [34℄, whih used an approximate method based
on the minimization of the total magneti energy to study the eld penetration
into bulk and hollow ylinders. Due to the nite length of the samples, the ux
fronts are urved in the end region z ∼= ℓ/2. Remarkably, this urvature implies
that the magneti ux progresses faster towards z = 0 along the inner boundary
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(a) (b)
r/a
2 r/a2
z/a
2
z/a
2
Figure 4: Cylinder (a) and tube (b) of external radius a2, of length ℓ = 6 a2
subjeted to an axial magneti eld. The internal radius of the tube is a1 =
0.5 a2. The samples are haraterized by eld independent Jc and n values
(n = 25). As ux lines are symmetri about z = 0 and r = 0, only the region
0 ≤ r ≤ a2 and 0 ≤ z ≤ ℓ/2 is depited. The ontour urves show the ux
fronts at Ba = 0.1, 0.3, 0.5, 0.7 µ0HP where HP is the eld of full penetration.
of the tube (r = a1) than the magneti ux penetrates the entral region near
z = 0 in a bulk ylinder. Thus, two penetration mehanisms oexist for the
tube: the magneti eld an penetrate either from the external boundary at
r = a2, as in the ylinder, or from the internal boundary at r = a1, via the two
openings.
Consider next the eld lines
1
for the ylinder and for the tube submitted
to axial elds equal to half of their respetive eld HP (see gure 5). The
shape of the eld lines in the region near z = b are seen to be very dierent for
the ylinder and for the tube. In partiular, for the tube, the omponent Bz is
negative near the opening and lose to the inner boundary, as seen in the dashed
irle of gure 5(b). Suh a behaviour is reminisent of the eld distribution
found in the proximity of a thin ring [35, 36, 37, 38℄.
The existene of a negative Bz inside the hollow part of the tube an be
interpreted as follows. For an innitely long tube, the magneti eld an only
penetrate from the external surfae and the eld lines are parallel to the axis
of the tube. As the length ℓ of the tube dereases, the ux lines spread out
1
A general diulty arises when one tries to visualize 3D magneti eld lines with axial
symmetry in a 2D plot. Here, we have used ontours of the vetor potential A(r, z) at equidis-
tant levels. Another possibility would be to use ontours of rA(r, z) at non-equidistant levels.
Brandt has shown [19℄ that both approahes provide reasonably good approximations of the
eld lines.
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Figure 5: Cylinder (a) and tube (b) of external radius a2 and length ℓ = 6a2
subjeted to an axial magneti eld. The samples are haraterized by Jc and
n values independent of the loal magneti indution (n = 25). Only the region
0 ≤ r ≤ a2 and 0 ≤ z ≤ ℓ/2 is depited. The applied indution is 0.5 µ0HP .
The thik line represents the ux front (J = Jc/2) and the thin lines represent
the magneti eld lines. One an observe negative omponents Bz in the dashed
irle of gure (b).
near z = ℓ due to demagnetization eets. As a result, shielding urrents in
the end region of the tube fail to totally shield the applied eld and a non-
zero magneti eld is admitted through the opening. The shielding urrents
ow in an extended region in the periphery of the superondutor. In the
superondutor, ahead of the ux front, there is no shielding urrent and hene
no eletri eld. Integrating Faraday-Lenz's law along a ontour lying in a
non-penetrated region thus gives zero, meaning that the ux threaded by this
ontour must also be null. (As a reminder, the sample is ooled in zero-eld.)
Therefore, the magneti ux due to the negative omponent Bz near r = a1 is
there to anel the positive ux that has been allowed in the hollow of the tube
near the axis.
5.4 Uniformity of the eld attenuation in a superondut-
ing tube
Sine magneti ux an penetrate both through the outside surfae and through
the openings, it is therefore relevant to investigate how the magneti indution
varies in the hollow of the tube. Numerial simulations show that the variation
of the eld attenuation along the radius is muh smaller than the variation along
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the z-axis. We thus onentrate on the latter and study the DC shielding fator,
DCSF , as a funtion of z.
Figure 6 shows the variation of DCSF along the z-axis as a funtion of
the external indution Ba. The geometrial parameters are those of the sample
studied experimentally and a Jc(B) relation with the parameters of setion 5.2
is used. As the urve DCSF (z) is symmetri about z = 0, only the portion
z > 0 is shown. Three dierent behaviours an be observed: in region 1, the
shielding fator is nearly onstant; in region 2, it starts dereasing smoothly; it
falls o as an exponential in region 3, whih is roughly dened as the region for
whih z > ℓ/2− 2a2.
A useful result is known for semi-innite tubes made of type-I superondu-
tor and subjeted to a weak axial eld. In the Meissner state, the magnitude of
the internal indution, Bin, dereases from the extremity of the tube [39℄ as
Bin ∝ e−C(ℓ/2−z)/a1 , (22)
where a1 is the inner radius, and C ≈ 3.83 is the rst zero of the Bessel funtion
of the rst kind J1(x). This result holds for ℓ/2 − z ≫ a1 and implies that
the shielding fator inreases as an exponential of ℓ/2 − z. An exponential
dependene has also been measured in some HTS materials for applied elds
above Hc1 [14, 15℄. Other measurements [16℄ in similar onditions have shown
instead a uniform shielding fator in a region around the enter of the tube.
From the simulation results we see that both behaviours an atually be
observed in a type-II tube, provided the ratio ℓ/a¯ is large. For the sample
studied in this paper, this ratio is equal to ℓ/a¯ ∼ 11. The exponential fallo
approximately follows the law DCSF (z) ∼ exp(C(ℓ/2−z)/a1) (blak solid line)
for the lowest elds only, but appears muh softer for the larger magnitudes Ba.
This behaviour an be attributed to the fat that as Ba inreases, the region
near z = ℓ/2 beomes totally penetrated (see gure 4) and the eetive length
of the tube dereases. It leads in turn to a redution of the distane to the
extremity, ℓ/2− z, whih therefore softens the fallo of the shielding fator.
The two behaviours  a nearly onstant shielding fator and an exponential
derease of this fator  an be assoiated with the two mentioned penetration
mehanisms. For the part of the ux that penetrates via the openings, we expet
the shielding fator to inrease as an exponential of (ℓ/2 − z) as one moves
away from the extremity. This is the behaviour observed in type-I shields, for
whih no ux an sweep through the side wall if d ≫ λ, where λ denotes the
London penetration depth. By ontrast, in the entre region, for a tube with a
large ℓ/a¯ ratio, the ux penetrating via the openings is vanishingly small and
ux penetration through the walls prevails. This leads to the nearly onstant
shielding fator observed in region 1. As the ratio ℓ/a¯ inreases, ux penetration
through the wall strengthens. As a result, the plateau region inreases in size
as is onrmed in gure 7, whih shows DCSF (z) for six dierent lengths ℓ/a2
(the outer radius and the width d = a2 − a1 = 0.2a2 are kept xed) and for
Ba = 0.85 Blim. Note that the plateau of the shielding fator disappears for the
smallest ratios ℓ/a¯ (for ℓ ≤ 6a2) as for these ratios, ux penetration through
the openings ompetes with that through the wall.
This last example shows that it is important to distinguish Blim, whih we
have dened as the maximum indution for whih DCSF is larger than 60 dB,
from µ0HP , whih orresponds to the full penetration of the sample. In fat, for
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zDCSF
z/a2
a2
Figure 6: Simulated variation of the DC shielding fator along the z-
axis for inreasing applied indutions. From top to bottom : Ba/Blim =
0.8, 0.9, 1, 1.05, and 1.1. The threshold Blim is determined as the maximum
applied indution for whih the shielding fator is higher than 60 dB. The ge-
ometry is idential to that of the sample studied experimentally. The blak solid
line is the equation DCSF (z) = eC(ℓ/2−z)/a1 (see text). For symmetry reasons,
only the upper half of the tube is shown.
ℓ < 6a2, the attenuation falls below 60 dB before the sample is full penetrated.
If ℓ is further redued, ℓ ≤ 2a2, it is atually not possible to dene an indution
Blim, as DCSF is lower than 60 dB for any applied indutions. Therefore, the
interest of using short open HTS tubes for magneti shielding appliations is
very limited.
When ℓ ≥ 6a2, the value of Blim is very lose to the applied eld for whih
the sample is fully penetrated, as the main penetration mehanism is the non-
linear diusion through the superonduting wall. To evaluate Blim, one ould
then use (20), whih for ℓ ≥ 6a2, is lose to HP∞ = Jcd . However, this
formula an be misleading for understanding the inuene of the wall thikness,
d. Expressions (20) or HP∞ = Jcd were established ignoring the variation of
Jc with B and show a linear dependene of Blim as a funtion of d. However,
the derease of Jc with the loal indution yields a softer dependene as an be
seen in (18). There, Blim ≈ Blim,∞ is linear in d only for thiknesses d muh
smaller than B1/(2µ0Jc0) ≈ 0.1 mm, but grows as
√
d for larger thiknesses if
one takes the Jc0 and B1 parameters of setion 5.2. Thus, if one wants to shield
high magneti indutions (larger than 100 mT) with a superondutor similar
to that desribed in setion 3, unreasonnably thik wall thiknesses are required.
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Figure 7: Evolution of the DC shielding fator along the axis for dier-
ent lengths, ℓ. The internal and external radii, a1 and a2, are kept xed
(a1 = 0.8 a2). The applied indution is Ba = 0.85 Blim.
In this ase, it is advisable to rst redue the eld applied to the superondutor
by plaing a ferromagneti sreen around it.
A nal remark onerns the eet of the width of the superonduting wall,
d, on the spatial dependene of DCSF . If d is inreased while the ratio Ba/Blim
is kept xed, the shielding fator inreases in magnitude but its z-dependene
remains qualitatively the same.
In this setion, we used a quasistati eld. The results onerning the spatial
variation of the eld attenuation are expeted to be still valid in the ase of an
AC eld.
6 Magneti shielding in the AC mode
The sensing oil of the setup desribed in setion 3 an move along the axis
of the sample. In this setion, we rst present the measured variation of the
AC shielding fator along the axis of the tube and ompare it to numerial
simulations for whih an AC applied indution is used. We also measure the
frequeny response and interpret the results with saling laws arising from the
onstitutive law E ∝ Jn.
6.1 Experimental results
The variations of the measured AC shielding fator ACSF dened in (15), along
the axis of the sample studied experimentally for a xed frequeny and varying
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amplitudes of the applied eld are shown in gure 8 (lled symbols). Apart from
the upper urve of gure 8 orresponding to Ba,RMS = 10.8 mT, we observe a
nearly onstant measured shielding fator in the entral region . Going further
to the extremity of the tube, near z = 5a2, ACSF dereases as an exponential.
Figure 9 (lled symbols) shows a measurement of the AC shielding fator,
ACSF , as a funtion of frequeny for two applied magneti indutions when the
magneti sensor is plaed at the entre of the sample. The frequeny dependene
appears to follow a power law.
Figure 10 shows the evolution of the AC shielding fator measured at the
entre of the tube at a xed frequeny f = 103 Hz and for varying RMS values
of the applied indution. The shielding fator dereases with Ba,RMS .
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Figure 8: Variation of the AC shielding fator along the axis of the sample, at
a frequeny f = 103 Hz. Filled symbols : measurement. Continuous lines : sim-
ulation. From top to bottom: Ba,RMS = 10.8, 12, 13.4, 15.3, and16.6 mT.
6.2 Uniformity of the eld attenuation
The solid lines of gure 8 represent the simulated ACSF for the applied indu-
tions used during the measurement. As in the DC ase, we observe a onstant
shielding fator around the entre z = 0 of the tube whereas ACSF falls o
exponentially near the opening ends z = 5a2. Remarkably, one an observe
the relative good quantitative agreement between simulated and experimental
results of gure 8. For Ba,RMS = 10.8 mT, loal variations of the measured
ACSF an be observed for |z| < 3. In partiular, the maximum shielding fator
is no longer loated at the entre of the tube, and shielding appears to be asym-
metri in z. For higher values of the applied magneti indution, the maximum
ACSF lies at z = 0 and shielding reovers its symmetry about the entre. These
eets are supposed to be due to non-uniform superonduting properties.
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Figure 9: AC shielding fator versus frequeny. The lled symbols ome from
a diret measurement and the open symbols orrespond to an estimation based
on saling laws (see text). The two lines show that the variation of the AC
shielding fator with the frequeny is lose to a power law.
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Figure 10: Measured AC shielding fator at the entre of the sample versus the
RMS value of the applied magneti indution Ba,RMS . Its frequeny is kept
xed at f = 103 Hz.
6.3 Saling laws and frequeny response
The strong non-linearity of the onstitutive law E = Ec(J/Jc)
n
gives rise to
frequeny saling laws with n−dependent power exponents [19℄. The saling
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laws an be obtained by hanging the time unit in Maxwell's equations (5)
and (6) by a fator c > 0, t 7→ tnew = t/c. Given a solution with a urrent
density J(r, t), an applied indution Ba(r, t), and a total indution B(r, t), new
solutions an be found that satisfy
Jnew(r, tnew) = J(r, t) c
1/(n−1), (23)
Bnew(r, tnew) = B(r, t)c
1/(n−1), (24)
Ba,new(r, tnew) = Ba(r, t) c
1/(n−1). (25)
Transposed to the frequeny domain, these relations imply that if the frequeny
of the applied eld is multiplied by a fator c, then the urrent density and
the magneti indution are resaled by the fator c1/(n−1). In partiular, if one
knows the ACSF orresponding to the applied indution Ba at the frequeny
f , ACSF (Ba, f), one an dedue the ACSF orresponding to the magneti
indution Ba,new at the frequeny fnew = c f by using:
ACSF (Ba,new, fnew) = ACSF (Ba, f), (26)
as ACSF is the ratio of two magneti indutions (see (15)) and is thus invariant
under saling. Then, the frequeny dependene of ACSF in gure 9 an be
reprodued as follows using these saling laws. First, we approximate the urve
of gure 10 by pieewise exponentials, whih gives ACSF (Ba, 103 Hz). Seond,
we use (26) and write:
ACSF (12 mT, fnew) = ACSF (Ba, 103 Hz), (27)
with
Ba = Ba,new c
−1/(n−1)
(28)
= 12 mT
(
103
fnew
)1/(n−1)
(29)
Hene, the variations with respet to Ba in gure 10 an be translated into
frequeny variations at a xed indution. This gives the upper urve of gure
9 (open symbols) for whih we used n = 25. The lower urve is obtained by
xing Ba,new to 13 mT. This onstrution thus demonstrates that the frequeny
variation intrinsially arises from saling laws.
The detailed onstrution relies on a spei value of the reep exponent
n, whih we have taken here to be equal to n = 25 and independent on B.
Analysing the frequeny dependene with saling laws thus also serves the pur-
pose of determining the value of n that best ts experimental data. A HTS
shield haraterized by a lower n value would present a more pronouned fre-
queny dependene of the shielding fator.
One may wonder on the role played by the inreased dissipation, due to
the motion of vorties, as frequeny is inreased. Suh dissipation an lead
to a temperature rise, a derease of the ritial urrent density, and thus a
derease of the shielding fator. Nevertheless, it appears from gure 9 that the
temperature inrease must remain small in the frequeny window investigated
in our experiment (43 Hz − 373 Hz), as no signiant redution of ACSF an
be observed in that frequeny range. One may equally wonder on the role
played by the dierent harmonis of the internal magneti indution. For the
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applied elds we onsider here, the fundamental omponent strongly dominates
the higher harmonis. As as onsequene, the urves of gures 9, and 10 are not
signiantly aeted if one takes the RMS value of the total internal magneti
indution, rather than its fundamental omponent, to dene the shielding fator
in the AC mode.
7 Conlusions
We have presented a detailed study of the magneti shielding properties of a
polyrystalline Bi-2223 superonduting tube subjeted to an axial eld. We
have measured the eld attenuation with high sensitivity for DC and AC soure
elds, and have onfronted data with omputer modelling of the eld distribu-
tion in the hollow of the tube. The numerial model is based on the algorithm
desribed in [19℄, whih is easy to implement on a personal omputer. Our
study allows us to detail the variation of the shielding fator along the axis,
interpret it in terms of the penetration mehanisms, and take into aount ux
reep and its eet on the frequeny dependene. To our knowledge, it is the
rst study whih systematially desribes the spatial and frequeny variations
of the shielding fator in the hollow of a HTS tube.
Our main ndings an be summarized as follows.
• A HTS tube an eiently shield an axial indution below a threshold
indution Blim. For our ommerial sample, Blim = 14 mT. The threshold
indution Blim inreases with the ratio ℓ/a¯, the thikness of the tube, and
depends on the exat Jc(B) dependene (ℓ is the length of the tube and a¯
is the mean radius). When the length of the tube dereases, Blim an be
strongly redued beause of demagnetizing eets.
• There are two penetration mehanisms in a HTS tube in the parallel geom-
etry: one from the external surfae of the tube, and one from the opening
ends, the latter mehanism being suppressed for long tubes. These two
mehanisms lead to a spatial variation of the shielding fator along the
axis of the tube. In a zone extending between z = 0 (entre of the tube)
and z = ℓ/2 − 3a2, the shielding fator is onstant when ℓ > 6a2 (a2 is
its external radius). Then it dereases as an exponential as one moves
towards the extremity of the tube. As a onsequene of this spatial de-
pendene, no zone with a onstant shielding fator exists for small tubes
(ℓ < 6a2).
• The shielding fator inreases with the frequeny of the eld to shield,
following a power law. This dependene an be explained from saling
laws arising from the onstitutive law E ∝ Jn.
In pratie, a tube of a Bi-2223 erami an thus be used to eetively shield
an axial eld at low frequenies. A sample with an outer radius a2 = 1.8 mm,
a length ℓ > 6a2, a thikness d = 1.5 mm, and with superonduting proper-
ties similar to the ones of our sample (table 1), strongly attenuates magneti
indutions lower than Blim = 14 mT at 77 K. The shielding fator is nearly
onstant and larger than 103 (60 dB) in the region |z| < ℓ/2− 3a2 if the applied
indution is lower than 0.9 Blim.
19
8 Aknowlegment
E.H. Brandt is gratefully aknowledged for useful disussions. A.F. Gerday and
D. Bajusz are also aknowledged for their experimental support. This researh
was supported in part by a ULg grant (Conseil de la Reherhe support through
projet Fonds spéiaux (C-06/03)) and by the Belgian F.N.R.S (grant from
FRFC: 1.5.115.03).
Referenes
[1℄ Clayton R P 1992 Introdution to Eletromagneti Compatibility (New
York: John Wiley & Sons)
[2℄ Pavese F 1998 Magneti shielding Handbook of Applied Superondutivity
(London: IoP Publishing) 146183
[3℄ Plehaek V, Pollert E and Hejtmanek J 1996Mater. Chem. Phys. 43 958
[4℄ Pavese F, Bergadano E, Biano M, Ferri D, Giraudi D and Vanolo M 1996
Adv. Cryog. Eng. 42 91722
[5℄ Pavese F, Biano M, Andreone D, Cresta R and Relleati P 1993 Physia
C 204 17
[6℄ Willis J O, MHenry M E, Maley M P and Sheinberg H 1989 IEEE Trans.
Magn. 25 25025
[7℄ Itoh M, Ohyama T, Minemoto T, Numata K and Hoshino K 1992 J. Phys.
D : Appl. Phys. 25 16304
[8℄ Omura A, Oka M, Mori K and Itoh M 2003 Physia C 386 50611
[9℄ Mager A J 1970 IEEE Trans. Magn. MAG-6 6775
[10℄ Greni G, Denis S, Dusoulier L, Pavese F and Penazzi N 2006 Superond.
Si. Tehnol. 19 24955
[11℄ Denis S, Greni G, Dusoulier L, Cloots R, Vanderbemden P, Vanderheyden
B, Dirikx M and Ausloos M 2006 J. Phys. Conf. Ser. 43 50912
[12℄ Cavallin T, Quarantiello R, Matrone A and Giunhi G 2006 J. Phys. Conf.
Ser. 43 101518
20
[13℄ Giunhi G, Ripamonti G, Cavallin T and Bassani E 2006 Cryogenis 46
23742
[14℄ Symko O G, Yeh W J and Zheng D J 1989 J.Appl.Phys 65 214244
[15℄ Matsuba H, Yahara H and Irisawa D 1992 Superond. Si. Tehnol. 5
S4329
[16℄ Yasui K, Tarui Y and Itoh M 2006 J. Phys. Conf. Ser. 43 13936
[17℄ Bean C P 1962 Phys. Rev. Lett. 8 2503
[18℄ Bean C P 1964 Rev. Mod. Phys. 36 319
[19℄ Brandt E H 1998 Phys. Rev. B 58 650622
[20℄ Hussain A A and Sayer M 1992 Cryogenis 32 648
[21℄ Niulesu H, Shmidmeier R, Topolski B and Gielisse P J 1994 Physia
C 299 10512
[22℄ Plehaek V, Hejtmanek J, Sedmidubsky D, Knizek K, Pollert E, Janu Z
and Tihy R 1995 IEEE Trans. Appl. Superond. 5 52831
[23℄ Karthikeyan J, Paithankar A S, Ram Prasad and Sonl N C 1994 Superond.
Si. Tehnol. 7 94955
[24℄ http://www.an.z/shields.php
[25℄ Vanderbemden Ph, Destombes Ch, Cloots R and M. Ausloos 1998
Superond. Si. Tehnol. 11 94100
[26℄ Vanderbemden Ph, Bradely A D, Doyle R A, Lo W, Astill D M, Cardwell
D A and Campbell A M 1998 Physia C 302 25770
[27℄ Forkl A 1993 Phys. Sr. T49 14858
[28℄ Müller K H, MaFarlane J C and Driver R 1989 Physia C 158 6975
21
[29℄ Brandt E H 1996 Phys. Rev. B 54 424664
[30℄ Kim Y B, Hempstead C F and A. R. Strnad 1962 Phys. Rev. Lett. 9 3069
[31℄ Brandt E H 1995 Rep. Prog. Phys. 58 1465594
[32℄ Yang Y, Martinez E and Beduz C 1999 Inst. Phys. Conf. Ser. 167 8558
[33℄ Müller K H, MaFarlane J C and Driver R 1989 Physia C 158 36670
[34℄ Navau C, Sanhez A, Pardo E, Chen D-X, Bartolomé E, Granados X, Puig
T and Obradors X 2005 Phys. Rev. B 71 214507-19
[35℄ Brandt E H 1997 Phys. Rev. B 55 1451326
[36℄ Brandt E H and Indenbom M V 1993 Phys. Rev. B 48 12893906
[37℄ Pannetier M, Klaasen F C, Wijngaarden R J, Welling M, Heek K,
Huijbregtse J M, Dam B and Griessen R 2001 Phys. Rev. B 64 144505-17
[38℄ Shuster T, Kuhn H, Brandt E H, Indenbom M V, Koblishka M R and
Konzykowski M 1994 Phys. Rev. B 50 16684707
[39℄ Cabrera B 1975 The use of superonduting shields for generating ultra-low
magneti eld regions and several related experiments PhD thesis (Stand-
ford University)
22
